In citrus trees, a technique for predicting the number of flowers is needed to prevent inconsistent fruit production over time. In this study, we investigated whether a flowering-related gene, citrus FLOWERING LOCUS T (CiFT), can be used to predict floral production. We quantified CiFT expression levels in stems of Satsuma mandarin (Citrus unshiu Marc.) trees planted at two remote locations. We collected samples over 3 years, and determined that the CiFT mRNA levels in November were strongly correlated with the number of flowers produced the following spring. The correlation between CiFT expression and floral production exhibited almost no differences among years or between sample collection sites. Thus, the CiFT expression level in November can be used to predict the number of flowers the following spring, and this prediction method can be used at different locations and over several years. To verify the practical utility of this method, Satsuma mandarin shoots were transported in November from eight locations across Japan to our laboratory under cool conditions. Transport times were approximately 4-72 h, and samples were immediately frozen upon arrival. The CiFT expression levels in transported stems correlated with the number of flowers in the following spring. Additionally, those correlations were similar in transported samples and samples that were frozen immediately after collection. Our results suggest that the number of flowers can be predicted even with the CiFT expression levels quantified in transported samples.
Introduction
In citrus trees, several factors affect floral induction including temperature, water stress, defoliation, and fruit production. Differences in these factors lead to considerable variability in the number of flowers among years (Nishikawa, 2013) . Fluctuations in the number of flowers can result in considerable differences in fruit yields between growing seasons, which is a major problem in the citrus industry. To ensure consistently high fruit yields, the stable production of a sufficient number of flowers is necessary. Although several techniques have been developed to control the number of flowers, including pruning, fruit thinning, or gibberellin treatments (Hiehata et al., 2005; Inoue, 1990; Kihara et al., 1995) , the problem of fluctuation in the number of flowers has not been solved. Fully characterizing the floral induction process in citrus trees and developing a method to predict the number of flowers Received; July 5, 2016. Accepted; October 13, 2016 . First Published Online in J-STAGE on November 29, 2016. * Corresponding author (E-mail: fumien@affrc.go.jp).
produced the following spring are important for effective tree management during the fall and winter. However, citrus growers usually manage their trees according to their experience and intuition because floral induction cannot be visually monitored, making it difficult to accurately determine the extent of floral induction in citrus trees.
A previous study concluded that a citrus floweringrelated gene, FLOWERING LOCUS T (CiFT), influences seasonal floral induction (Nishikawa, 2013) . This gene promotes floral induction, and transgenic citrus trees expressing CiFT exhibit a shortened juvenile period (Endo et al., 2005) . In adult trees grown at 15°C, floral development can be artificially induced, with the CiFT mRNA levels increasing as the floral induction proceeds (Nishikawa et al., 2007) . Additionally, floral induction can be artificially suppressed, with low CiFT mRNA levels maintained, in trees cultivated at 25°C.
In citrus trees, defoliation, which suppresses floral induction, is caused by frost, injuries due to salt and wind, or serious drought conditions. There is minimal CiFT expression in stems, even at 15°C, when all leaves have been removed from the tree . Fruit production is also a factor that suppresses floral induction. In citrus trees, CiFT expression levels in the fall and winter are negatively correlated with the number of fruits produced, but positively correlated with the number of flowers the following spring (Nishikawa, 2013; Nishikawa et al., 2012 Nishikawa et al., , 2016 . Furthermore, CiFT expression and floral induction are enhanced by drought stress (Chica and Alberigo, 2013) , and suppressed by gibberellin treatment (GoldbergMoeller et al., 2013; Muñoz-Fambuena et al., 2012) . Based on the accumulated data, various factors may regulate floral induction through CiFT expression, and the CiFT expression level could be used to predict flowering potential in citrus trees.
We herein describe a new technique to predict the number of citrus flowers in the following spring. To date, predictions of the number of citrus flowers have been based on starch contents (Sugiyama et al., 2006) . However, starch contents are not directly correlated with floral induction. Additionally, the relationship between starch contents and number of flowers may be different among locations in which a tree is grown. In contrast, CiFT expression levels can be directly associated with floral induction, and may be useful for estimating floral production. In our previous study, the CiFT mRNA levels in November, December, and January, when floral induction occurs in citrus trees, showed a close correlation with the number of flowers observed the following spring (Nishikawa et al., 2012) . It is thought that predicting the number of flowers as early as possible would be very useful. Therefore, in this study, quantification of CiFT mRNA levels in stem tissues picked only in mid-November was conducted. As a result, we observed that CiFT expression levels in November were closely correlated with the number of flowers the following spring and that there were few differences among data obtained from different locations and years. This new prediction method may enable citrus growers to manage their trees appropriately and ultimately produce consistently high fruit yields.
Materials and Methods

Plant materials
We first investigated the relationship between CiFT expression and generative growth (i.e., Experiment 1). Adult 'Aoshima' Satsuma mandarin trees grafted on trifoliate orange (Poncirus trifoliata L. Raf.) rootstock were grown in a field at the NARO Institute of Fruit Tree Science in Kuchinotsu, Nagasaki, Japan (Fig. 1) . In addition to the trees in Kuchinotsu, we used trees grown by local farmers in an orchard in Shimizu, Shizuoka, Japan (Fig. 1 ). Trees differing in fruit yields were selected, including alternate-and continuousbearing trees. We analyzed 12, 15, and 14 trees in Kuchinotsu and 15, 30, and 14 trees in Shimizu in 2010 , 2011 . From each tree, five spring shoots were collected in mid-November, which is when floral induction occurs. The spring shoots were divided into stems and leaves. The stem tissues from each tree were frozen in liquid nitrogen within 5 min of being removed from trees.
We also analyzed 'Aoshima' Satsuma mandarin trees conventionally grown at the following eight locations in Japan ( Fig. 1 ; Experiment 2): Omura, Nagasaki; Tsukushino, Fukuoka; Matsuyama, Ehime; Sakaide, Kagawa; Hamamatsu, Numazu, and Shizuoka, Shizuoka; and Kunisaki, Oita. From each site, spring shoots were collected from three or six trees in midNovember 2013 and 2014. The spring shoots were kept cool (i.e., 0-10°C) while being transported to our laboratory in Kuchinotsu within 3 days of being harvested. Leaves were removed from the collected shoots, and only stems were frozen in liquid nitrogen as soon as they arrived in the laboratory.
All stem tissues for RNA extraction were stored at −80°C until used. In the following spring, more than 10 shoots that had sprouted in the previous spring were randomly collected from each tree. We counted the number of flowers, nodes, and sprouting buds on each shoot to calculate the number of flowers per 100 nodes, flowers per sprouting bud, and sprouting buds per 100 nodes.
Total RNA extraction and quantitative reversetranscription polymerase chain reaction
For quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis, total RNA was extracted using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and purified by on-column DNase digestion. The isolated total RNA (0.4 μg) was reverse transcribed at 37°C for 2 h using a random hexamer and a High Capacity cDNA Reverse Transcription kit (Applied Biosystems, CA, USA). A TaqMan MGB probe and primer sets specific for total CiFT were designed using Primer Express software (Applied Biosystems; Nishikawa et al., 2007) . We used a TaqMan Ribosomal RNA Control Reagents VIC Probe (Applied Biosystems) as an endogenous control. The qRT-PCR was conducted using TaqMan Universal PCR Master Mix (Applied Biosystems) and the ABI PRISM 7300 Real-Time PCR system (Applied Biosystems) according to the manufacturer's instructions. Each reaction contained 900 nM primers, 250 nM TaqMan MGB probe, and 2.5 μL template cDNA. The PCR conditions were as follows: 95°C for 10 min; 40 cycles of 95°C for 15 s and 60°C for 60 s. Gene expression levels were analyzed using ABI PRISM 7300 Sequence Detection System software (Applied Biosystems), and quantified using solutions consisting of CiFT plasmids at 10 
Statistical analysis
Curve fitting was carried out with SigmaPlot 13 (Systat Software Inc., CA, USA). To compare the data from samples frozen immediately after collection and those frozen after transportation from each location clearly, numbers of the growth factors were divided into the following five groups based on the CiFT expression level (logarithmic value, arbitrary unit): 0-1 (less than 1), 1-2 (1 or more, but less than 2), 2-3 (2 or more, but less than 3), 3-4 (3 or more, but less than 4), and 4-5 (4 or higher). Then, the data were analyzed by Tukey's honestly significant difference test at P < 0.01.
Results and Discussion
We investigated the relationship between CiFT expression and generative growth using data from 100 trees at two sites in 2010, 2011, and 2012 . The data revealed a close correlation between CiFT expression level and the number of flowers per 100 nodes and per sprouting bud ( Fig. 2A, B , see all markers without distinction). As we previously reported (Nishikawa, 2013; Nishikawa et al., 2012 Nishikawa et al., , 2016 , trees with low CiFT mRNA levels in November bore few flowers the following spring, while trees in which CiFT was highly expressed produced more flowers. The relationship between CiFT mRNA level and number of flowers per 100 nodes showed an exponential pattern. The number of flowers per 100 nodes gradually increased as the CiFT mRNA level increased within the range between 0 and 4. When the CiFT mRNA level was more than 4, the number of flowers per 100 nodes increased dramatically. The relationship between the CiFT mRNA level and number of flowers per sprouting bud showed a sigmoid curve. The number of sprouting buds per 100 nodes was around 50 when the CiFT mRNA levels ranged 0 to 3.5 (Fig. 2C , see all markers without distinction). When the CiFT mRNA level exceeded 4, the number of sprouting buds dramatically increased. To simplify the results, the data was divided into five groups based on the CiFT mRNA level. The data was compared among the groups and statistical significance testing was conducted. In the number of flowers per 100 nodes, group 4-5 showed the highest, followed by group 3-4 and these two groups were significantly higher in the number of flowers per 100 nodes than the groups with CiFT mRNA levels below 3 ( Fig. 2D ; P < 0.01). The number of flowers per sprouting bud was significantly lower in groups 0-1 and 1-2, and higher in groups 3-4 and 4-5 ( Fig. 2E ; P < 0.01). Additionally, there were essentially no differences in the number of sprouting buds per 100 nodes in trees with CiFT expression levels below 4 (Fig. 2F) . However, trees exhibiting CiFT expression levels of 4 or higher produced significantly more buds per 100 nodes than those of less than 3 (P < 0.01). These observations suggest that CiFT expression is correlated more with generative growth than with sprouting. They also support the idea that the CiFT mRNA level in November may be used to predict the number of flowers produced the following spring. For example, if a tree scores more than 4 for the CiFT expression in November, it is predicted that the tree will produce many flowers and no vegetative shoots next spring. Contrary, a lack of flowers could be forecast if a tree scored less than 1 for the CiFT expression in November.
Next, we compared the relationship between CiFT expression level and growth between locations (i.e., Kuchinotsu and Shimizu) and over time (i.e., 2010-2012; Fig. 2A-C) . The results for each location in each year were overlapped ( Fig. 2A-C) . When the data was divided into five groups based on the CiFT mRNA level, no significant differences within the same group were observed in the growth factors investigated except for the relationship between numbers of sprouting buds per 100 nodes from Shimizu in 2010 and 2011, and in 2010 and 2012 in the group 2-3 (data not shown; P < 0.01). These results suggest there is a similar correlation between CiFT mRNA level and the number of flowers or sprouting buds, even when the data are from different locations and years. Although it seemed that these data overlapped and there were almost no significant differences among means within each CiFT expression group, it is likely that the relationships deviated to some extent. It is possible that the flowering potential is affected by natural or artificial factors after November. Defoliation may occur because of exposure to cold stress (i.e., winter conditions), and decrease the number of flowers the following spring . Other factors, such as nutritional conditions, drought, and harvest timing, may also influence flowering after November (Inoue, 1989; Okada, 2004; Yahata et al., 2006) . The trees in Shimizu were grown by local farmers under conditions (e.g., fertilizer use and pruning) that differed from those used in Kuchinotsu. There were also tree-management differences among years. Additionally, environmental conditions (e.g., temperature, light intensity, humidity, and precipitation) varied between locations and over time. Because floral induction in citrus trees proceeds after trees are exposed to cool conditions, temperature differences after November can influence the relationship between CiFT mRNA levels and the number of flowers. The differences in environmental and tree-management conditions after November may affect the production of flowers or sprouting buds, with consequences for the Quantifying CiFT expression requires special equipment and technical skills, which may prevent farmers from using CiFT expression levels to predict floral production. In Experiment 2, which assessed the practical utility of our floral production prediction technique, shoots were collected from several locations across Japan. We analyzed the samples to confirm if the number of flowers could be predicted based on CiFT expression levels for samples that required transport (i.e., not immediately frozen after collection). The transportation time was 4-72 h, depending on location. In the transported samples, none of the CiFT expression levels were categorized into groups 0-1 or 4-5. The CiFT mRNA levels in transported stems were positively correlated with the number of flowers per 100 nodes and per sprouting bud the following spring for all locations (Fig. 2D, E) . Additionally, there were no significant differences (P > 0.01) in any expression-level group between the transported samples and samples from Kuchinotsu and Shimizu, which were immediately frozen after collection. There were also no significant differences in the number of sprouting buds per 100 nodes in any expression-level group between the Kuchinotsu/ Shimizu and transported samples (Fig. 2F) . Our results suggest that the number of flowers for transported samples can be predicted based on CiFT expression levels. We did not examine the stability of CiFT expression in detached shoots, but our results imply that CiFT mRNA levels in stem tissues maintained at low temperatures for several days are similar to those of freshly removed stem tissues. In this study, samples were collected from 8 different locations. It seemed that there was some variation among locations and years (data not shown). However, the number of samples (3 or 6 from each location for each year) was too low to analyze the data statistically. It is expected that further experiments on a greater scale will provide more information to assess the environment or cultivation techniques affecting the CiFT expression and the number of flowers.
In conclusion, we revealed that the CiFT mRNA level in November is correlated with the number of flowers the following spring. This correlation exists even if the data are obtained from samples collected at different locations or over several years. Our proposed method to predict the number of flowers may enable citrus growers to apply suitable tree-management and cultural practices such as GA application and leaf removal treatments to ensure consistent fruit yields over several growing seasons.
